Please cite this article as: Pan, Y., Dikker, S., Goldstein, P., Zhu, Y., Yang, C., Hu, Y., Instructor-learner brain coupling discriminates between instructional approaches and predicts learning, NeuroImage (2020), doi: https://doi.Abstract 23 The neural mechanisms that support naturalistic learning via effective pedagogical 24 approaches remain elusive. Here we used functional near-infrared spectroscopy to 25 measure brain activity from instructor-learner dyads simultaneously during dynamic 26 conceptual learning. Results revealed that brain-to-brain coupling was correlated with 27 learning outcomes, and, crucially, appeared to be driven by specific scaffolding 28 behaviors on the part of the instructors (e.g., asking guiding questions or providing 29 hints). Brain-to-brain coupling enhancement was absent when instructors used an 30 explanation approach (e.g., providing definitions or clarifications). Finally, we found 31 that machine-learning techniques were more successful when decoding instructional 32 approaches (scaffolding vs. explanation) from brain-to-brain coupling data than when 33 using a single-brain method. These findings suggest that brain-to-brain coupling as a 34 pedagogically relevant measure tracks the naturalistic instructional process during 35 instructor-learner interaction throughout constructive engagement, but not information 36 clarification.
Introduction
Humans have evolved the ability to learn through social interaction with others (e.g., 41 an instructor), an important skill that serves us throughout our lifespan (Verga and consistency of the number of questions and the concepts across all the participant 185 dyads. Instructors were required to prepare instruction at home for 2 days. They then 186 practiced with each other in the lab until they were satisfied with their own 187 instructional performance in both the scaffolding and explanation conditions (they 194 We manipulated one within-participant variable and one between-participant variable. 195 The within-participant variable was the Instructional Strategy (scaffolding vs. The between-participant variable was Instructional Personalization (personalized vs. 
Experimental factors

Procedures
232
The task included two blocks, each split into a resting-state phase and an interactive 233 learning phase (Fig. 1A) . The inter-block interval was approximately 1 minute.
234
During the initial resting-state phase (3 min), both participants (sitting face-to-face, Personalization, Fig. 1B) . For each group, the experimental procedure consisted of 241 one of the following combinations of learning content and Instructional Strategy: (i) 242 reinforcement with scaffolding (block 1) + transfer with explanation (block 2), (ii) 243 reinforcement with explanation (block 1) + transfer with scaffolding (block 2). Block 244 order was counterbalanced.
245
During the experiment, learners' and instructors' brain activity was recorded 246 simultaneously via fNIRS-based hyperscanning at prefrontal and left temporoparietal 247 regions (Fig. 1C) . A digital video camera (Sony, HDR-XR100, Sony Corporation, 
257
Experimental procedure. Before and after scanning, learners' knowledge of the psychological concepts 258 was evaluated. Brain activity from the instructor and the learner were acquired simultaneously using 12 2.5. Behavioral data analyses 269 Learners' knowledge of psychological concepts was tested immediately before the 270 onset of the resting-state phase and after the end of the interactive-learning phase.
271
Relevant to Reinforcement and Transfer, 8 definitions, 16 true-false items and 4 short 272 answer questions were selected from textbooks to compose a testing bank. These 273 items were randomly split into two halves, one for the pre-test and the other for the 274 post-test. An additional 9 adults (mean age = 21.85 ± 1.60 years) were recruited to 275 evaluate the difficulty level between the pre-and post-tests (t (8) = 0.01, p = 0.99). Test 276 reliability was estimated using the split-half method (Cronbach's alpha = 0.81).
277
Content validity of the test was evaluated by specialists. Two experts with at least 20 278 years of experience in psychology were invited to examine and provide feedback on Table S1 for detailed MNI coordinates). 
fNIRS data analyses
Data collected during the resting-state phase (3 min, served as the baseline) and the 325 interactive-learning phase (8 min, served as the task) in each block were entered into 326 the brain-to-brain coupling analysis (Fig. 1D) . A principal component spatial filter 
331
We then employed a wavelet transform coherence (WTC) analysis to estimate 332 brain-to-brain coupling. The WTC of signals i(t) and j(t) was defined by: 
337
As a first step, we estimated whether brain-to-brain coupling was enhanced 338 during the interactive learning task (estimated by WTC) compared to baseline.
339
Time-averaged brain-to-brain coupling (also averaged across channels in each dyad) To verify if the enhanced brain-to-brain coupling was dyad-specific, data from all 347 48 participants were reshuffled in a pseudo-random way so that 24 new dyads were 348 created (e.g., time series from instructor #1 were paired with those from learner #3) 349 ( Fig. 3E) . Then, the above brain-to-brain coupling analysis was performed again to 350 obtain brain-to-brain coupling for pseudo dyads. This permutation was repeated 1,000 351 times. Significant levels (p < 0.05) were assessed by comparing the average 352 brain-to-brain coupling from the original dyads with 1,000 renditions of pseudo dyads. 354 2.7.2. Instruction-dependent brain-to-brain coupling 355 We averaged brain-to-brain coupling within each identified FOI and compared all 356 conditions. We computed an index of task-related brain-to-brain coupling by 
366
Next, we assessed behavior-brain relationships. Pearson correlational analyses 367 were employed to test the relationship between task-related brain-to-brain coupling 368 from significant channels and learning outcomes.
non-personalized groups, learning outcomes for the scaffolding condition was significantly higher than In a first-pass data-driven analysis, we calculated brain-to-brain coupling in all 464 conditions across the whole sample of 24 participant dyads to test whether interactive 465 learning (i.e., task) was associated with enhanced brain-to-brain coupling compared to 466 the resting-state session (i.e., baseline).
467
In terms of frequency characteristics, brain-to-brain coupling was significantly 468 higher during the interactive learning phase than during rest for frequencies ranging 469 between 0.45 -0.57 Hz and 0.17 -0.27 Hz (all FDR-corrected, Fig. 3) . These two 470 ranges were then chosen as frequencies of interest (FOIs) for subsequent analyses. 506 Having established that social interactive learning is associated with a significant 507 increase in brain-to-brain coupling between instructor and learner, we next sought to 508 determine whether such coupling enhancement was modulated by Instructional
Instruction-dependent brain-to-brain coupling
509
Strategy and Instructional Personalization. First, results showed a main effect of 510 Instructional Strategy in prefrontal regions (i.e., CHs 5, 6, 10, 12) at 0.45 -0.57 Hz 511 (Fs > 9.50, FDR corrected ps < 0.05, η 2 s > 0.65). Further analyses revealed that the 512 scaffolding strategy exhibited higher brain-to-brain coupling than the explanation 513 strategy in all significant CHs (Fig. 4A) . There were no effects of Instructional 
535
F-test maps of brain-to-brain coupling generated based on frequency-specific ANOVAs with Importantly, the effects reported here cannot be attributed to differences between 576 conditions in terms of the mere quantity of instructional behaviors or the number of turn-taking event could be that the instructor asks one question, followed by the 587 answer from the learner). Results showed that the scaffolding strategy involved 588 marginally more turn-takings than the explanation strategy (16.67 ± 6.54 vs. 12.08 ± 589 3.15; t (23) = 2.11, p = 0.06). No significant correlation between the number of 590 turn-takings and brain-to-brain coupling was detected (rs < 0.42, ps > 0.18).
591
In sum, brain-to-brain coupling could be explained by dynamic scaffolding shown demonstrated to support learning (Chi, 2013).
742
As laid out in the introduction, an explanation-based approach puts emphasis on 743 information clarification and aims at providing prefabricated explanatory information learning assessment in the prefrontal cortex during a video game teaching-learning task. Frontiers
